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SUFULgYr cyclization of 2’,3’-aec*5’- CUP end DMP with dicyclohexyloarbo- 
diimide leada to 2*,3*-seco=3*t~ cCX@ end cUkiP, formal structural analogues 
of 3’:5’- ccldp and cDBP=13 phosphorylation of 2’,3’-secocytidine gave 
the same product in 30% yield, plus three additional se_co nucleotides, one 
of which was independently obtained by enzymatic phosphorylation with the 
xheat shoot phoaphotranaferase system. The behaviour of these nucleotides 
has been examined in several enzyme systems. In particular, the gels 3’15*- 
cyclic phosphates are resistant to beef heert cyclic nucleotide phosphodieat- 
erase, but are slwly hydrolyzed to the mcmophosphates by higher plant cyclic 
nucleotide phosphodiesterase. Q 1986 Academic Press, Inc. 

Oxidation of ribonucleosides (or their 5’0phosphates) with periodate, 

f ollwed by reduction tith borohydride, leads to cleavage of the c( 2’)-Cf 3’) 

bond to give 2*,3*-a nucleosides (cr their 5’0phosphates) (7). 

Our interest in such compounds stems from their formal structural 

resemblance to acyclonucleoside antiviral agents, acycloG and DWG (Scheme I ), 

the activities of which are mediated by their intracellular phosphorylatim, 

initially by viral thymidine kinase ( 2). Prom Scheme 1 it will be seen that, 

if the 5*-phosphate and 3’0OH of a m nucleotide are suitably oriented, it 

should be feasible to prepare the corresponding 3V;5*-cyclic phosphates, 

structural enalogues of the biologically important CAMP, cGI@, CC!@, etc. 

( Scheme 2). We have, in fact, succeeded in preparing such analogues of CAMP 

.~XATIOKS t DCC , dicyclohexylcarbodiimide : DMF , dimetbylformamide ; TEA, 
trietbylameonium; PDase, phosphodiesterase: cPlkse, cyclic nucleotide phos- 
phodiesterase; acycloG or acyclovir, 9-(2&ydroxyethoxymethyl)guanine; DRPG, 
9-t 1.3.dihydroxypropoxymeth.vl)guanine; TIC, thin-layer chromatography. 
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AcycloG 

0 1 
.? > 3 -&@x~koside 

Z’, 3’-seco- 3’:5’-CNMP 7: S- cNMP 

0 2 

Scheme 1 c Acyclcnucleosides (R - H) and acyclonucleotides (R = Po( OH) ) . 
G=g-:B= sny base. Note: lM numbering system far t?¶e 

carbon atws of the acyclo chains is xler to that for the carbas of the 
pentose ring. 

Scheme 2. N = nucleoside or acyclonucleoside; B = base. 

and related congeners (Sttolexski et al ., in preparation). During the course 

of this work, Tolman et al. (3) reported the preparation of the cyclic phosp 

hate of DHPG, a potent broad-spectrum fn vitro antiviral agent. Bearing fn -- 

mind the probable important role of the conformations of acyclonucleosides 

(4). and their antimetabolic activities, which are dependent on their intra- 

cellular phospharylation (2)) we here examine the behaviour of seco nuclec- 

tides of uridine and cytidtie in a number of enzymatic systems. 

MATERIAIS AIVD WETHODS 

Materials. Eucleosides and nucleotides were from Sigma (St. Louis, 
MO.) and Calbiochem (lucerne, Switzerland). Pyridine was distilled over 
CaR2, and DMF was purified by azeotropic distillation with water and berm- 
ene, then distilled under reduced pressure. Dowex resins (200/400 mesh) were 
from BioRad (Richmond, VA.), DEAE-Sephadex A-25 frcm Pharmacia (Uppsala, 
Swede4 Merck (Darmstadt, UFR) cellulose F-254 plates were used for TIC with 
solvents A-D, and silica gel 6OF-254 plates with solvent E (see Table 1). 

5’ Enzyme% Snake venom -nucleotidase (EC 3.1.3.5). beef heart cPDase 
(EC 3.1.4.17) and rye grass 3’-nucleotidase (EC 3.1.3.6) were from Sigma. 
Potato tuber cPDase (EC 3.1.4.0) was a highly purified preparation elsewhere 
described (5). Purified g. && uridine phospharylase (EC 2.4.2.3) was prep- 
ared according to Vita & naegni (6), and cytidine deaminase (EC 3.5.4.5) was 
a crude extract from the smne source totally free of uridine phosphorylase. 
E. u alkaline phosphatase was a product of Worthington (Freehold, NJ.). 

SYWTEETIC METHODS 
2*.3*-seco uridine and cvtidine were prepared essentially as described 

by Ierner (7), and desalted by elution with 2.5% RH40H from a column of 
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Dowex 5OWx.8 (I?). Secocytiddne was obtained in crystalline form fran anhyd- 
rous ethanol in 56we16, m.p. 167-169%. Secouridine was obtained in 60% 
yield, chrcmatographically homogeneous, butxld not be crystallized. 

2'.3'-Seco-5%CM?. To 3.23 g (10 ~01) 5'-Cm in 60 mlwater, brought 
to neutrality with triethylamine, was added 2.72 g (12 pool) H104*2H20. The 
solution was stirred for 1 hr, with addition of triethytiine to maintain 
neutral pli. The reaction was terminated by addition of 1 ml ethylene glgcol, 
follmed by portionwise addition, with stirring for 3 hr of 1.22 g (32 -01) 
NaBH . Stirring was continued for 3 hr, and the solution diluted to 300 ml 
and foaded on a 3.5x21 cm column of Dowex 1x4( HCOO-). On elution with a 
linear gradient of H20-1 I HCOOH (2 1). the product appeared at about 0.35 M 
HCOOH. The pooled fractions were brought to dryness under reduced pressure, 
the residue taken up in a small volae of water, snd the product precigit- 
ated with acetone to yield 2.91 g (85%) as the free acid, m.p. 208-210 C, 
chromatographically homogeneous. Treatment with alkaline phosphatase led to 
quantitative conversion to secocytidine. 

2t.3t-Seco-5t-UKP. Prezd from 2.2 g 5t-UkP*Na2 essentially as for 
2t,3t-seco-5t-CMP, above, but with elution from the column with a linear 
gradiencf H20-5 M HCOOH (4 1). The product eluted at about 3 I HCOOH, an$ 
was converted to the Na salt by passage through a column of Dowex 5OxS(Na 
The effluent was concen&ated to small volume, and anbydrous ethanol added 

). 

to precipitate 1.72 g (78%) of a white powder, m.p. 162-166'C, chromatogra- 
phically homogeneous, end quantitatively converted to nuridine with 
alkaline phosphatase. 

2t,3t-Se&-3tr5t-cCNP. 2t,3t-seco-5t-OJUP (390 mg, 1.2 901) was conve- 
rted to the rbmoruholine-F1.W-dicv~exxlcerboxamidine salt. which was 
dried by evaporat‘ion from &lhydrOiQ pyr&ine and dissolved iu 40 ml anhyd- 
rous DMI?. This solution was added dropwise to a boiling solution of 740 mg 
(3.6 sol) DcC in 170 ml anhydrous pyridine. The solution was refluxed for 
a further 1.5 hr, end the reaction terminated by addition of 5 ml water. 
The mixture was brought to dryness, and the residue brought to dryness 
several times fran water to remove residual pyridine, then taken up in 200 ml 
water and filtered through a Celite pad and loaded on a 3,5x28 cm column of 
Dowex lx8(HCOO-). On elution with a linear gradient of H O-1 BI HCOOH (3 l), 
the product appeared at about 0.32 M. The pooled fracti& were brought to 
drynes8, and the residue taken up in a small volume of water and precipitated 
with absolute ethanol, to yield 310 mg (84%) of a white powder, map. 2CS- 
213OC (dec.), chromatographically homogeneous. 

2t.3t-seco-3tx5b9JhP. Prepared fran 405 mg (1.25 naaol) of 2t,3*-seco- 
-5UJMP essentially as in the preceding paragraph, but with isolation mhe 
product on a 2.5~46 cm coluxm of DEAD-Sephadex A-25(=0 -). Elution was with 
a linear gradient of 
the product (at-O.18 

M TEA bicarbonate (2 1). de pooled fractions of 
) were brought to dryness, and the residue brought to 

dryness several times from et he+101 to remove residual TEA bicarbonate. The 
product was converted to the Na salt by passage through a column of Dowex 
50&8(NA?), the effluent reduced to small volume, and the product precipit- 
ated wi;h absolute ethanol to yield 375 mg (7%) of a white powder, m.p. 
210-215 C, chrcmatographically homogeneous. 

Ph sP&WY on ‘3 v’t dine Sscocytidine (240 mg 1 maol) was 
phospho&lated%h P&l as’~~~~be~ by ;oEua et al. (8). !'oll-%ing 
neutralization of the reaction mixture with NaHCO3, it was loaded an a 
3.5x22 cm column of DEAE-Sephadex A-25( HCO.,‘) . A water wash released ‘7% non- 
reacted nucleoside. The o&acts were then eluted with a linear gradient of 
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cytidine, ref. 9) in 8 ml (EtO) 
and stirring continued until a 2 

PO at O*C, was added 200 ~1 (2.2 901) PCC13 
lear solution formed. The mixture was left 

at 4oC for 60 hr, 5 ml water added end, after 15 min, 20 ml 5096 fcrmic acid, 
and the mixture left at room temp. for 3 hr. Formic acid and water were rem- 
oved under reduced pressure, 25 ml water added, the mixture neutralized with 
NH OH, and loaded on a 2x20 cm colunm of Dowex lxB( HCOd). Elution with water 
re f eased non-reacted Becocytidlne, followed by the nucleotide. The pooled 
nucleotide fraction8 G freed of formic acid under reduced pressure, the 
residue t+?n up in water, and deposited on a 2x22 cm column of DEAF+Sephadex 
A-25( HCO 
uct at 

). A linear gradient of H20-0.4 I TEA bicerbonate eluted the prod- 
a out a 0.21 M. The pooled fractions were brought to dryness several 

times from water and ethanol to remove TEA bicarbonate, the nucleotide conv- 
erted to the Na2 salt on Dowex 5OWxS( Na+), and ecipitated from a 0.5 ml 
solution with anhydrous ethanol to yield 87 mg of a white, chromatogr- 
aphically homogeneous powder. It was quantitatively converted to ncytidine 

itatively converted to cytidine by alkaline phosphatase. 

REsuns 

As described above, syntheses of 2’,3* idine, cytidine, 5’JJMP 

and 5’0CMP, by standard procedures (7)) combined with column chromatography, 

proceeded in high yield to furnish chrcmatographically homogeneous products 

( see Table 1). While only ytidine could be orystalliaed, the other 

products exhibited reasonably good melting points further testifying to 

theiropurity. 

As expected, cyclisation of 2*,3*-w 5’0ChlP and 5’-UMP with DCC (11) 

also led to good yields of the 3*,5*-cyclic phosphates, again chromatcgrap 

hically homgeneous, and with well-defined melting points. 

Particularly interesting was the POC13 phosphorylation (8) of Bcyt- 

idine. In the case of the parent nuoleosides this normally leads to format- 

ion of the 5’-phosphates, With ytidine, the principal product was the 

3’:5’-cyclic phosphate (53% yield), identical with that obtained by cycliz- 

5.0Cldp. We have eslewhere found that POCl 
3 

phosphorylation of 

gffEeadenosine gave the 3’:5*-cyclic phosphate as the major product (LX%), 

additionally confirmed by NAR spectroscopy (Stolarski et al., in preperat- 
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Compound 
Solvent syetem 

A B C D E 

2’JUecocytidine 
2’ ,3’-Euridine 

2',3'-m-3':5'-cIJMP 
5’-Cl@ 
2’,3’-~5’(3’)-Cup 
2’,3’--3”5-cCldP 
2’.3’-mcytidine-3’,5’- 

J&g(manophosphate) 
2’,3’-~3’:5’-cCKP-2’- 

monophosphate 
28,3g-Seco-3g,5g-0-isoprop 

xdenecytidine 
2g,3*-Seco-2g-CMP 

0.83 0.79 0.57 0.74 0.07 
0.77 0.77 0.67 0.66 027 
0.63 0.62 0.25 0.70 0.00 
0.70 0.70 0.34 0.82 0.00 
0.77 0.70 0.39 0.62 0.00 
0.65 0.53 0.14 0.72 0.00 
0.73 0.58 0.22 0.84 0.00 
0.80 0.63 0.27 0.69 0.00 

0.45 0.23 - - 0.00 

0.59 0.40 - - 0.00 

0.85 0.86 0.75 0.74 0.33 
0.75 0.52 - - 0.00 

ian). This recalls various reported instances of formation of 3'15'~cyclic 

phosphates of other nucleosides by phosphorylatlon with PCC13 and other 

phosphorylating agents (12). By contrast, PCC13 treatment of DHPG gave, as 

the principal product, the 3',5'-&monophosphate), and only 7% of the 

cyclic phosphate (3). 

The other products of PW13 phosphorylation of Bcytidine were ident- 

ified as follows: The product from peak 13: migrated on the column, and on 

TIC, as 2',3'-~58-CMP, and was quantitatively converted to 

with alkaline phosphatase; however, this doe8 not exclude the possibility 

that it may be an enantiomeric &xture of 3'0 and 5.9 phosphates, not resol- 

ved on TIC. The product from peak III was readily identified since, on tre- 

atment with alkaline phosphatase, it was quantitatively converted to m 

3’?5’-cCMP, hence must be ~3’15’-cCMP additionally phosphorylated at 2’. 

The product from peak IV migrated on the column, and on TLC, like a &mon- 

ophosphate) or diphosphate, wa8 converted by alkaline phosphatase, v& an 

intermediate migrstw on TIC 1ik8 -5’-CI@, to ytidbe ad the-f- 

must be ucytidine-3',5'-umonophosphate); 2',3'- or 2',5'-&&monophOs- 

phate) ar8 excluded, since then one of the inter'U8diat8(s) during alkaline 
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phosphatase hydrolysis would have been the 2.0monophosphate, readily dist- 

inguished from 3’(5’)-m~1ophosphates on TLC with solvent B (see Table I). 

The foXWoiW results 8se 8jmile.r to those obtained with PcC13 phosphorylat- 

icm of Mdenosine , confirmed by ‘Ii and 13 C NFdR (Stolarski et al., in 

preparation). 

D!lZymatic trials. Using standerd spectrophotometric assay procedures, 

as well as TLC (see Table I), it was found that ytidine is neither a 

substrate, nor an jnhibitor, of cytidine deamjnase. Secouridine was not a 

substrate of uridine phosphorylsse; and, under conditions where the wacil 

analogue of acycloG inhibited the enzyme with a Ki of 15 p (13), and the 

uracil analogue of DWG even more effectively (A. Drabikowska et al., in 

preparation), the 8~~0 analogue did not detectably inhibit. Under conditions 

where 5 t-CIUP was rapidly dephosphorylated by 5.0nucleotidase, neither w 

5'9, nor 2.0, CXP was a substrate or inhibitor. 

Particularly interesting were results with 3t-nucleotidase. Fith stand- 

ard assay conditions (14), using TIC (Table I), ncytidine-2.0 and 5'- 

phosphates were not substrates, However ncyt idine- t (5 ‘-diphosphat e was 

quantitatively converted, at about half the rate for 3’-CcMp, to a mononucle- 

otide which must be 5.0CMP, a finding consistent with the fact that this 

enzyme hydrolyzes ribonucleoside-3’,5’-diphosphates to the 5.0phosphates (14). 

Susceptibility of tt5t-cCXP to beef heart cPDase was examined both 

by TIC, and by alkaline phosphatase liberation of Pi following Opening of the 

cyclic phosphate ring (5). No detectable hydrolysis was noted under condit- 

ions where cCMP and cA3@ were readily hydrolyzed. By contrast the secccytidine 

cyclic phosphate (as well as Seco-3’15 *-CAMP), was readily hydrolyzed to the 

mononucleotide by potato tuber cPDase, at a rate about I@ that for cm. 

DISCUSSICR 

The resistance of t$5t-cCMP to beef heart cPDase is of interest 

in relation to its susceptibility to higher plant cmlase. However, manualian 

cells contain a non-conventional so-called cCJk!P PDase (15) with properties 

similar in some respects to those of higher plant cmlaae (5). This prcanpted 
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us to conduct a preliminary screening of several mezzzalian cell lines far 

such activity, end we have found that, in fact, a sonicat ed extract of Bbrlich 

carcinoma cells hydrolyzes ~3*:5*-cCXP and CAMP at rates about 15% of that 

for 3~s5~-cAMP. This is presently bew further investigated. 

The susceptibility of seccytidine-3*,5l-diphosphate to 3*-nucleotidase 

is relevant to the specificity of this enzyme, which hydrolyzes &@ucleo- 

side-3*,5’-diphosphates to the 5*-phosphates, but is inactive vs arabinonucl- 

eoside-3*,5*-diphosphates and 2t-de~ibonucleoside-31,5g-diphosphates (14). 

It follows that binding of the analogue by the enzyme must be accompanied 

by suitable orientation of the 2*-O& In particular, 2’,3*-~-2*-deoxycytid- 

ine-3’,5’-diphosphate should not be a substrate, and synthesis of this compo- 

und is under way. 

We have found that phosphorylation of ccmpounds like DRPG with wheat 

shoot nucleoside phosphotransferase proceeds relatively efficiently ( N 5C%). 

It is therefore surprising that ytidine, which possesses three primary 

hydroxyls, is phosphorylated to the extent of only 7.5% Since for both types 

of cmzpounds, the only products of enzymatic phosphorylation are the 1ppppphos- 

phates, it appears that in the analogue there mey be mutual steric 

hindrance between the 5’(3’) and the 2’ OH groups. 
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